Three pairs of adjacent populations of Arrhenatherum elatius were studied both for their genetic diversity and for their genotypic structure. Each pair consisted of one population on a normal soil type and the other on spoil from mining.
I NTRO D U CTI ON
Studies on genetic variation between pairs of populations consisting of one population on normal soil and the other on adjacent mine spoil are still rare. Although some comparative studies are available concerning genetic diversity (Lefebvre and Kakes, 1978 , Wu et al., 1975 , Verleij et aL, 1985 almost nothing is known concerning genotypic structure.
From a theoretical point of view, it is conventionally admitted that selection, even when strong, does not reduce genetic diversity of the genome, except, of course, for the loci involved in the selection process. Nevertheless, if strong selection acts on a mutation which is very rare in nature and non-recurrent, it will introduce a very strong bottleneck. The genetic variation of the genome will therefore be strongly reduced. The occurrence of individuals tolerant to heavy metals is quite frequent in some plant species: in Agrostis tenuis and Dactylisgiomerata the frequency of full copper tolerance was found to be 08 per cent (Gartside and McNeilly, 1974) . Indeed, using morphological characters as well as enzyme markers, the genetic diversity of populations of Agrostis sto1onfera on toxic soil was found to be at least as great as in the normal habitat and even greater (Wu et a!., 1975) . This result can be explained (i) by a high level of tolerant plants in natural populations (the mutation is not rare and probably recurrent); or (ii) by successive colonizing events in the tolerant population so that the bottleneck induced by selection has not occurred.
To explain the lower level of genetic diversity occurring in the normal habitat, Wu et al. (1975) pose the question of the different population density on normal and toxic soil. Is the reduced genetic variability due to stronger competition between clones in normal soil than in the toxic habitat? With regard to genotypic structure two mechanisms which reduce gene flow have been described: phenological drift (McNeilly and Antonovics, 1968) and increase in self-fertilisation (Antonovics, 1968 , Lefebvre 1970 . Therefore, one would expect that a population from toxic zones, which has departed from panmixia, would present a more or less important heterozygote deficit compared to an adjacent normal population.
Moreover, population density must also be considered in assessing genotypic structure: vicinity favours gene flow between individuals of an allogamous species. This paper has two aims: (1) to compare the genetic diversity of a perennial grass (A. elatius) found in toxic and normal habitats. The genetic diversity will be studied in respect to morphological, phenological and biochemical characters. (2) to study, using allozyme markers, variation in genotypic structure between and within populations, using three pairs of closely adjacent populations of this grass. (Ducousso, 1985) from tillering to seed fall enabled us to classify each plant into one stage.
Along transects, one plant every metre (when possible), was partly sampled and cultivated in an experimental garden for morphological studies (height of panicles, node colour and hairiness).
Nodes are very variable in colour and hairiness (entirely green or red, with red ring or not, without hairs or with hairs above, under or everywhere on the node), but all nodes of one plant are similar and do not vary with the environment. Each node type has been described.
Cultivated plants taken from the transects were also used for enzymatic studies. Different enzyme systems were examined using vertical polyacrylamide gel electrophoresis (Orstein and Davis, 1964, modified by Gasquez and Compoint, 1976) . The genetic basis of the gel-banding patterns was determined by comparison of isozyme phenotypes from selfing or crossing progenies with those of their parents (Loutfi, 1987 To estimate diversity in the different populations, the Shannon and Weaver diversity index (Shannon and Weaver, 1963) was applied to the various characters, whether phenotypes, genotypes or allelic frequencies. This index (Is) is given by the formula:
-xlogx, iI where x• is the frequency of the ith class of the characters studied in the population and n the number of classes. To test if the environment (normal or toxic) has an effect on the level of diversity two methods were used. (1) For each character studied and at each site (1, 2, 3), the Shannon index calculated for normal soil was compared to that obtained for toxic soil using Hutcheson's test (1970) ; (2) a three-way factorial analysis of variance was made to test the respective effect of toxicity (normal/toxic), sites (1,2, 3), and character studied (phenology, nodes, height, ADH, GOT-1, GOT-2) on the Shannon index. The model used is a mixed model (Sokal and Rohlf, 1981) , the sites and characters being random effects and the toxicity being a fixed effect.
Genotypic structure was studied in cultivated plants taken from the different transects and for a complementary quadrat made on a zinc ore grassland where the population shows high and low density levels. It was therefore possible to separate density effects from toxic effects.
Wright's inbreeding coefficient, F, modified by Lumaret (1981) fortetraploids was usedto estimate deviations from the Hardy-Weinberg expectation:
where He and H0 are respectively the expected and observed proportions of heterozygotes.
In the tetraploid A. elatius 11e was estimated by the proportion of heterozygote gametes:
where s is the allelic frequency of the ith allele at the locus presenting a total of m alleles.
The probability of heterozygote gametes from the heterozygotes iiij, iijj, iijk, ijkl is respectively 1/2, 2/3, 5/6 and 1. Therefore H0 is given by:
where N is the number of individuals analysed and x, y, z, and w are the number of individuals in different classes of heterozygotes.
This estimate of F includes effects due to inbreeding and population sub-structure.
Although it was not possible to separate these effects in this study, comparison of F values reflects variation in genotypic structure between population. Positive values of F can be interpreted as the average inbreeding coefficient of population.
Soil heterogeneity which can be a factor of diversity has been estimated at site 1 through its heavy metal content. Soil collected from the rhizosphere of each sampled plant were dried at room temperature and sifted (2 mm). Heavy metals were extracted by boiling 1 g of soil with 25 ml of concentrated nitric acid for 1 hour and Zn and Pb were measured using an atomic absorption spectrophotometer.
RESULTS

Zinc and lead content in soils
Zinc and lead content is often high and at a toxic level on the zinc ore waste land. However, contents comparable to those of the normal habitat are also found ( fig. 1) .
So even in a toxic area, an individual can meet normal soil conditions. classes (Ducousso, 1985) -leads to the same result: the number of classes is significantly higher (Shannon index) on mine soil (table 2) . Red-coloured nodes appear more frequently on toxic habitats whereas they are more often green on normal sites. Small differences in hairiness are also noted between populations. A significantly higher diversity on toxic land is again underlined by the Shannon index (table 2) . Panicle height is greater in normal populations (134-142 cm) than in toxic habitats (50-92 cm).
Here again the diversity is significantly higher in the toxic areas (table 2) . Only three or four phenotypes are found in the TO system for the pasture population whereas between seven and eleven are found in the mine population. (Plants were not scored for TO at site 3.) The Shannon index confirms the significantly higher diversity in the toxic habitat for this character (table 2) . At the ADH locus (table 3) one allele (1.00) has a frequency greater than 080 in the pasture populations whereas in the spoil populations its frequency is less than 060. The alleles 112 and 088 are much more frequent in the toxic habitat. Allelic diversity is significantly higher in toxic habitats (Shannon index).
At the GOT-2 locus (table 4) a higher allelic diversity is found in the spoil populations which is due to 2-4 infrequent alleles which are absent or extremely rare in pasture populations. However, at site 1, the Shannon index is not significantly different between normal and toxic habitats.
At the GOT-i locus, (table 4) the number of alleles is higher in the normal habitat than in the toxic one. In contrast to the results obtained for the other characters studied previously, an increasing diversity at this locus is observed on normal soils.
None of these three loci seems to be undergoing selection in the sites studied (Ducousso, 1985) .
The results of the factorial analysis of variance (table 5) show a strong effect of characters on variation in Shannon indices. In particular, these indices are higher for phenotypic traits (table 2) than for enzyme loci (tables 3 and 4). The effect of the environment (normal or toxic) on variation in diversity is just significant (P = 0053, table 5).
Nevertheless, a strong interaction occurs between level of toxicity and the kind of character studied: Shannon indices do not respond in the same way to toxic environments with the trait studied. At the locus GOT-i (table 4) Table 2 Number of classes or phenotypes and diversity indexes for phenology, node characters of floral spike, plant height, tetrazolium oxidase (TO) system in normal soil (N) and mine spoil (T) populations of Arrhenatherum elatius decreases for all the other characters studied (tables 2 and 3). There is no site effect (table 5): the three sites studied show similar levels of diversity. Moreover, the response to toxicity is equivalent between sites since the interaction site x toxicity is not significant. The level of significance of the interaction site x character (0.098) is higher than previously but also not significant.
Genotypic structure
The F values are calculated for the GOT-i and ADH loci but not for GOT-2, for which the level of polymorphism is too low to estimate heterozygote number.
For GOT-i, the pasture populations have high deficits of heterozygotes. The spoil populations allele. In fig. 3 , F values are plotted against the number of flowering tillers per square metre. The value of F increases with increasing density. A linear regression analysis of variance confirms that the increase in heterozygote deficit with increase in panicle density is highly significant for GOT-i (P <0.001). The same trend is obtained with the ADH locus. To verify this result, a complementary study was carried out on site Ti. This compared the genetic structure in the centre and peripheral part of a high density area (average density = 100 panicles per square metre; 152 individuals sampled in the central part and 62 in the peripheral part) with the genetic structure of a low density area (average density = 2 panicles per square metre; 80 individuals sampled). The same density effect is found for GOT-i ( fig. 3) : the central part of the dense zone deviates strongly from panmixia whereas the peripheral part of the dense zone and the low density area are near Hardy-Weinberg equilibrium.
DISCUSSION
Except for the locus GOT-i, all the characters studied show a higher level of genetic diversity for the mine spoil populations. These results agree with those of Wu et a!. (1975) . These authors suggest repeated founder events to explain the increased diversity despite very strong selection. So, a newly evolved tolerant population may have a broad genetic base. This supposes that the tolerant genotype is probably not rare in the normal habitat. If it were, a unique founder event would lead to reduced diversity.
The higher genetic diversity on mine soils might be related either to selective or to neutral effects.
On the scale of our study it is not possible to (Hedrick et a!., 1976) and disturbance by man (Gouyon et a!., 1983) . Mining habitats can provide a large range of ecological niches. This explanation is well supported by the large variation in amounts of heavy metals from one meter to another on mine soils, contrasting with the homogeneity of pasture soils. The increased diversity in the mine habitat could also result from a low level of competition. Indeed, if on the mine, edaphic selective forces are stronger than on pastures (as indicated by the small number of species on the mine area and the low density of A. elatius populations) this may lead to lower selective forces of biotic origin, hence the maintenance of more diversity. In pasture habitats there is a very strong selection competition acting upon various characters such as height, growth and potential for using resources.
Higher diversity might also result from a more open breeding system. Although the mating system and its variation were not studied directly, variations of genetic structure give interesting clues. The high heterozygote deficit in dense populations shown by F values ( fig. 3 ) may be considered as an inbreeding effect perhaps due to more limited gene flow in dense populations, or an increase of actual selfing rate in the high density area. In A. elatius the level of self-fertility is relatively low, near 5 per cent according to Pfitzenmeyer (1962) and Sulinowski (1965) . In our experiment (Ducousso et al., 1987 ) the sefing rate is low in pasture populations (on an average 302 per cent) while in mine populations a polymorphism for breeding system occurs, some individuals having a high level of self-fertility and other a low level (the average is 1197 per cent) whatever the density (Cuguen et a!., 1989) . Therefore, the increased inbreeding in normal populations might be due to the reduction of size of the genetic neighbourhood because of a low dispersal of seed and pollen in a high density area, and not to selfing. Ellstrand et a!. (1978) find that dense populations of Helian thus annuus have lower outcrossing rates than sparse populations, presumably because of intra-family inbreeding in dense population.
Such changes in the neighbourhood size has been described in other species, such as Primula vulgaris (Cahalan and Gliddon, 1985) . This phenomenon which is very important because it may lead to genetic differentiation, might not be uncommon in many natural populations. Wright (1969) considers that genetic differentiation due to random forces is possible if the neighbourhood size is under 200 and is very strong if it is under 20. This leads to small subpopulations and a nonrandom distribution. In this case, a Wahlund's effect (1924) appears and reinforces the deficit of heterozygotes.
In consequence, more diversity on toxic area is thus not paradoxical, since: (1) in toxic habitats heterogeneity is higher than in normal habitats and a more diversifying selection occurs at least for characters studied such as panicle height or flowering time; (2) the low dynamism of the colonization of this toxic habitat permits a more open breeding system. With this model of A. elatius populations we find again the importance of disturbance as a key factor in the maintenance of genetic diversity which must be taken in account for genetic resource conservation (Soulé and Simberloff, 1986) . The multiplication of neighbourhood effects and gene exchanges between sub-populations lead to the maintenance of genetic diversity in the population.
